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INTRODUCTION
An important component of international standards work is the intercomparison of flow calibration facilities. This has been done for many years at single phase gas and liquid calibration centres by the use of a standard test piece, for example an orifice meter run, which is passed around the various laboratories for calibration. The results can then be compared statistically to check that the different national standards lie within the required tolerance. The intercomparison of multiphase flow facilities presents extra challenges compared to single phase facilities because of various factors including: the number of individual measurements which constitute the reference measurements, the phase equilibrium and the unsteady flow behaviour of multiphase fluids. In single phase intercomparison, it is possible to make a test meter of better accuracy than the flow facilities, while in multiphase flow, the commercial meters which are available have an accuracy which is typically an order of magnitude worse than the reference facilities. In addition, an important point in any attempt at elaborating a systematic procedure to ensure that metering is consistent and unquestionable is to make use of a simple reference system which can be well understood without the "black box" difficulties which arise using a commercial instrument.
In this paper, a simple system consisting of a venturi meter and 137 Cs gamma densitometer is evaluated as a reference device for the intercomparison of multiphase flow facilities.
EXPERIMENTAL FACILITIES

Test Equipment
One of the most satisfactory measurement techniques in multiphase flows is the venturi meter which can be used over a wide range of conditions and give reproducible differential pressure signals. A series of venturi meters was tested at NEL during 1998 and 1999 and has provided a large background of information and experience [1, 2] . The venturi geometry selected for the project is described on Figure 1a -1b.
The test equipment was designed with the following features: -The venturi meter was installed horizontal, with no mixing or flow conditioning device upstream. -The differential pressure measurement was made using a 142 Hz, undamped differential pressure transmitter to catch the transient muliphase behaviour. Two interchangeable differential pressure transmitters with two calibrated ranges (0 to 1.5 × 10 5 Pa and 0 to 3.5 × 10 5 Pa) were used to expand the workable envelope of the venturi system since such a wide range of differential pressures is observed across the whole operating flow domain of the testfacilities. -A second differential pressure measurement was made between the upstream pressure tapping and a second tapping downstream of the venturi meter. -Density was measured using a 137 Cs gamma densitometer mounted just upstream of the venturi meter.
IFP Multiphase Flow-loop
This facility was designed to reproduce multiphase flows as similar as possible to the industrial situations on production sites. The testing ground for the unit, as seen in Figure 3 , and schematised in Figure 2 , consists of a closed loop, equipped with a multiphase pump driven by a variable speed motor. There are two large capacity separators set up in series, downstream of the pump, in order to separate, accurately, the multiphase flow. The horizontal separator, V2, is a triphase separator, in order to make use of a liquid phase of two components. Domestic fuel oil, water, and nitrogen or methane are the usual test fluids in this facility. At the exit of the horizontal separator, three boosting pumps allow the liquid flow rates to be increased when necessary. The temperature of the oil phase can be controlled by means of a water heat exchanger.
The loop is equipped with a system of valves and forks leading the multiphase mixture towards different configurations of the loop corresponding to various functions. The test facility can be used with the short loop with a gas-liquid mixture at the multiphase pump intake, or, especially when testing a multiphase meter, with a 50 m long multiphase flow loop with a pipe internal diameter D = 0.1 m. Additional equipment includes a pool for underwater testing, a "buffer tank" and a "slug generator". The "buffer tank" (IFP patent) can be used to absorb the fluctuations in the gas to liquid ratio at the inlet to a piece of equipment.
The facility can be operated within a range of static pressures from 3 × 10 5 Pa up to 5 × 10 6 Pa. It permits the production of various multiphase flow regimes. The flow rates of the liquid and gas phase are independent of the static pressure chosen for testing since the flows are circulated in a closed loop. Total liquid flow rates from 1.38 × 10 -3 m 3 /s to 37.0 × 10 -3 m 3 /s and gas flow rates up to 98.0 × 10 -3 m 3 /s at line conditions can be measured.
NEL Multiphase Flow-Facility
The multiphase calibration facility at NEL is shown in Figure 5 , and schematised in Figure 4 . The test facility consists of a separator and a test section flow loop. The oil is supplied from the separator to the main oil pump and to the oil flow metering section. A side-stream sampling loop and a main bypass loop are fitted on the delivery side of the pump. The same configuration exists on the water side. The bypass loops permits control over the pressure and flow rate of the phases in the test section; the sampling loops provide information on the composition of the oil and water process streams. Heat exchanger circuits were in operation to stabilise the temperature of the working fluid, which was kept between 37 and 40°C during these tests.
After the oil and water have passed the reference metering section the oil and water are combined in the mixing section. The nitrogen, which is produced from a liquid nitrogen supply tank external to the building, is injected into the mixing section after passing through the gas flow reference metering section. The mixture is flowed into the test section which ran horizontally approximately 40 m to the venturi meter under test. The flow then returns to the separator where the oil and water are separated, and the gas exhausted to atmosphere.
TEST DATA
The data collected from the venturi meter during the tests consist of simultaneous recordings of line pressure, Pa, fluid temperature, °C, venturi meter differential pressure (upstream to throat), Pa, venturi meter total pressure loss (upstream to downstream), Pa, and fluid mixture density, kg/m 3 . The measurements were recorded at a data collection frequency of 142 Hz, for a period of 300 s once the flow conditions were stable.
The data collected from the reference facilities during the tests are the line pressure, Pa, the fluid temperature, °C, the liquid flow rates, m 3 /s, and the gas flow rate, m 3 /s.
The gas flow rate is calculated at the line pressure and fluid temperature and these are measured as close as practical to the upstream venturi tapping. Data were collected from the reference facility for the same 300 s period as from the venturi meter and calculated as an average value over this period, for each parameter listed.
The flow domains investigated on IFP and NEL test facilities are shown on Figure 6 .
EXPERIMENTAL DATA ANALYSIS
The test data were analysed in two ways.
The first approach is to calculate the effective discharge coefficient of the venturi meter using the method outlined below, also discussed in [3] and [4] .
In this approach, the formulation adopted in the international standard for measurement of fluid flow in closed conduits (IS0 5167-1 dated 1991) is adapted to multiphase flow conditions. The volumetric flow rate through a venturi meter is given by the following expression:
(1)
In a multiphase flow, where the measurements of differential pressure and density both fluctuate, it is not satisfactory to use the ratio of ∆P/ρ in this expression. This may be avoided by calculating the mass flow rate:
from which it follows that:
In practice, the mass flow rate is an average value over the measurement period. Equation (3) becomes, by correct summation over the measurement period: (4) Therefore the correct quantity to calculate from the measured parameters of density, ρ, and differential pressure across the venturi, ∆P, is the average of the square root of ρ∆P evaluated for each individual measurement sample. Computed venturi pressure discharge parameter C' versus total mass flow rate.
In this situation we have reference volumetric flow rates for each of the individual streams of oil, water and gas and, knowing their densities at measured pressure and temperature, the reference total mass flow rate may be calculated from: (5) Having the average reference mass flow rate, M -, and the measured value of ρ∆P from the venturi meter enables calculation of the discharge coefficient from: (6) where A min = π d 2 /4 is the venturi throat area and β is the ratio of throat diameter, d, to full pipe diameter, D, which will be specific to each venturi meter tested.
The discharge coefficient C, as defined in [3] for incompressible single phase flow conditions, is Reynolds dependent. In multiphase flows, a Reynolds number Re was defined based on the liquid phase velocity and the full pipe diameter.
The expansibility factor, ε, is defined from the isentropic exponent of the gas phase, k, and the diameter ratio β in order to account for the gas phase being compressible in multiphase flows, as described in [3, 4] .
Therefore the parameter C' accounts for the phase slip velocity and the space distribution of the phases at the venturi throat. The Figure 7 presents plots of the multiplier C' versus the total mass flow rate, calculated from the test data obtained on both test-facilities.
In the second method, the pressure drop data obtained across the venturi have been compared with a two-phase flow model results. Such a model has been proposed in [5] and has been further discussed for the interpretation of twophase pressure drop across a venturi in [6] .
In this model, the flow regime corresponds to a dispersed two-phase flow. The mass balances are written for the two phases and the momentum balance is expressed for the dispersed phase and for the mixture. 10) where u L , u p are the liquid and inclusions velocities, α is the gas fraction, A is the varying cross-sectional area of the venturi, C m is the added mass coefficient (set at a value of 0.5), τ D is the drag force on the bubble, P is the pressure and τ w is the friction force at the wall.
The drag force is expressed as: (11) where f ≡ 1 when the liquid is pure and f ≡ u p -u L | /V t when the bubble is in a contaminated liquid, ρ p is the inclusion density, a is the bubble radius and V t the bubble rise velocity in the quiet liquid.
This balance accounts for the added mass force, the pressure gradient force and a drag force. The added mass force accounts for the momentum flux of liquid phase entrained in the bubbles wake. In the case of flows through a venturi tube, this term can have a significant influence since there is a great acceleration through the throat. In this model, there are only four unknowns: the liquid mean velocity u L , the bubble mean velocity u p , the gas fraction α and the area averaged pressure P.
In the present work, the pressure drop calculations were performed with the homogeneous model. The main hypothesis consists in assuming no velocity slip between the two phases. There is only one velocity u for the two phases. The system is then reduced to two equations, a first one for the total mass balance and a second one for the total momentum balance:
(12) (13) For horizontal two-phase flows at high velocity, the velocity slip between phases at the venturi throat, predicted by the two-phase flow model, is shown to have a very small influence on the pressure drop between the venturi inlet and the venturi throat [7] . In this particular case, the homogeneous model gives results very close to those of the two-fluid flow model. It is then possible to use the homogeneous model to process the experimental data. The homogeneous model has been used by integrating the venturi geometry (variation of cross-section area A along the axis) to predict the pressure drop between the inlet and throat of the venturi tested.
The Figures 8 and 9 present the plots of the ratio 100 [∆P measured -∆P predicted ] / ∆P measured calculated from the test data set obtained in both test-facilities.
DISCUSSION
A number in excess of 500 test results from the two testfacilities have been made available for the intercomparison Relative differences between measured and computed pressure losses at the venturi throat versus total mass flow rate. Relative differences between measured and computed pressure losses at the venturi throat over the range of gas fraction.
study. These data cover the whole range of gas volume fraction and the experienced flow domains largely overlap.
The test facility at NEL offered a larger gas capacity at low static pressures but it is restricted to a maximum service pressure of 10 6 Pa. On the other hand, test data at several static pressures between 2 × 10 5 and 3 × 10 6 Pa at the venturi inlet could be recorded on the IFP test-loop. The wide flow domain experienced enabled to perform the intercomparison study over a realistic range of flow conditions and allowed to check for the two effects of the Reynolds number and of the static pressure on the methods of data comparison evaluated in this study.
Test data were recorded for three and two phase flows of water, oil and nitrogen mixtures. However, because the slip velocity between the water and oil phases is assumed negligible in the experienced range of flows, testing with three phase flows was of secondary importance for the purpose of the intercomparison work. In addition, this assumption allowed to make use of a simple reference system and simplified methods of data analysis, as presented above.
Obviously, processing the data by means of the direct comparison of statistics derived from the raw signals would be a very limited approach in multiphase flows.
The computation of the venturi discharge coefficient C' gives a similar trend from data obtained at NEL and at IFP. All results lie within a ±15% tolerance range around the average curve.
There is slightly more data scattering on NEL data than on IFP data. This could be due to the effect of greater flow instabilities during tests at NEL as a result of the test fluids used and the lower operating pressure.
The effect of the static pressure is further seen by comparing the "IFP low pressure" and the "IFP high pressure" test results on Figure 7 . The high pressure results are less scattered.
For the purpose of the intercomparison of multiphase flowmeters test facilities, the method based on the computation of a venturi pressure loss coefficient can be adopted. The limited data scattering observed around a mean correlation for the multiphase multiplier C' expressed as a function of the mass flow rate (Fig. 7) , indicates that the venturi meter is suitable as a reference device.
The data comparison with the one-dimensional homogeneous flow model was made after a flow computation with a 1 mm mesh length.
Plotting the results versus the reference total mass flow rate puts in evidence an important data scattering (Fig. 8) .
As shown on Figure 9 , when plotted versus the gas volume fraction the predicted results lie within a ±15% tolerance range around the experimental data recorded on both facilities, up to a gas content of 70% approximately. For gas volume fractions above 70%, the model fails to predict the measured venturi pressure drops and the important data scattering was found independently of the static pressure of tests. The gas expansion, not taken into account in the model, cannot explain the data scattering because its effect is very limited on the tests at high static pressures. Rather, as confirmed by the visual observation of multiphase flows during testing, the poor performance of the model at gas volume fractions above 70% can be attributed to a change of flow patterns which enter the venturi. When slug, stratified or annular flows are formed, the slip velocity between phases can affect the measured venturi pressure loss to a large amount and causes the poor performance of the homogeneous flow model.
For a better accuracy in the higher range of gas volume fraction, the method could be refined by the use of a twofluid model. But, this would introduce the need for the additional information of the hydrodynamic regime of the flow which depends on the flow facility. This cannot be accepted in the framework of a general method of intercomparison because it must be dependent on the reference venturi system only.
CONCLUSION
An intercomparison study has been performed in order to gain a more detailed understanding of the multiphase flows generated from the calibration facilities at IFP and NEL. This effort is needed for the benefit of the multiphase meters manufacturers and users.
A simple venturi meter spool with a gamma densitometer can be used as a reference system for intercomparison and a method for data comparison can be defined. The method need to be intrinsic and accurate. The use of a multiphase flow model to relate the multiphase flow facility data and the signals measured on the reference system introduces additional uncertainty which will detract from the value of the comparison. For this reason, a method based on the computation of a venturi pressure loss coefficient is preferred.
